Introduction
The pulsar PSR J1846−0258 (also known as AX J1846.4−0258) was discovered by Gotthelf et al. (2000) in the X-ray band and lies near the centre of the supernova remnant Kes 75 (SNR G29.7-0.3). Recent X-ray imaging (Helfand et al. 2003) shows that the pulsar is embedded in a pulsar wind nebula (PWN) which shows distinct physical structure.
No radio emission has been observed from PSR J1846−0258, but X-ray timing reveals the pulse period to be P = 324 ms and the characteristic age is P/(2Ṗ ) = 728 years -the smallest characteristic age of any rotation-powered pulsar. The inferred surface dipole magnetic field strength is 4.8 × 10
13 G -almost an order of magnitude greater than the magnetic fields for typical pulsars, placing it closer to the field strengths of magnetars.
The distance to the system is ∼ 19 kpc as estimated from the neutral hydrogen density along the line of sight (Becker & Helfand 1984) , which implies that the size of the supernova remnant (SNR) is extremely large for such a young pulsar. It also implies that the efficiency of the conversion of the pulsar spin-down luminosity (8.4 × 10 36 erg s −1 , using P andṖ from Gotthelf et al. 2000) to combined pulsar and PWN X-ray luminosity in the 0.5-10 keV energy range, is 20% (using the flux from this work) -the largest of any rotation-powered pulsar.
This source is one of a growing class of rotation-powered pulsars with B-field strengths approaching those of magnetars. In this paper we present the INTEGRAL observa-⋆ vanessa@soton.ac.uk tions and results for PSR J1846−0258, link these results to previously published Chandra results and follow up with a discussion of the properties of this source in comparison to other members of this class and examine the possibility of an overestimate in the distance to this pulsar.
INTEGRAL results
A source detected at 15.6σ significance in the 20-100 keV 1 energy band in the 3 rd IBIS (Imager on Board INTEGRAL Satellite) catalogue (Bird et al. 2007 ) has been associated with PSR J1846−0258 and/or its PWN. The data from this survey cover the epoch from the launch of INTEGRAL (2002 October) up until 2006 May with a total exposure of 1.8 Ms in this region of the sky. Individual pointings processed using the INTEGRAL Offline Science Analysis v.5.1 (OSA, Goldwurm et al. 2003) were mosaicked to create an all sky image according to the processes described in Bird et al. (2007) . This allowed the detection of sources as faint as PSR J1846−0258, which is detected at position α 2000 = 18 h 46 m 23 s , δ 2000 = −2
• 58 ′ 59 ′′ with a 90% positional uncertainty of 1.8 ′ (Gros et al. 2003) . This is 41
′′ from the pulsar position as determined from Chandra observations (Helfand et al. 2003) . Figure 1 shows the detection of PSR J1846−0258 with IBIS/ISGRI (INTEGRAL Soft Gamma-ray Imager, Ubertini et al. 2003) in a significance map generated in the 20-100 keV energy range. A spectrum was generated by calculating the weighted mean flux over the entire IBIS/ISGRI exposure time at ′′ × 50 ′′ image from our reduction of Chandra data in the 0.3-10 keV energy band. One can clearly distinguish the bright pulsar and the surrounding synchrotron nebulosity. The white ellipses on the Chandra image indicate the extraction regions for the PWN and pulsar spectra as explained in Sect. 3.
the source position in a number of narrow energy bands. Spectral analysis was performed with XSPEC v.11.3.2 (Arnaud 1996) using systematic errors of 2%. The best fit was achieved with a power law model of slope Γ = 2.0 ± 0.2 with χ 2 (dof) = 9.4(13). Absorption does not affect the spectrum significantly at this energy range, and fixing it at N H = 3.96 × 10 22 cm −2 (Helfand et al. 2003) did not alter the fit. The flux in the 20-100 keV energy range is 2.9 +0.2 −0.1 × 10 −11 erg cm −2 s −1 , corresponding to a luminosity of 1.3 × 10 36 erg s −1 at a distance of 19 kpc. The source is also detected at the 3.3σ level in 87 ks of exposure time in JEM-X (Joint European X-ray Monitor, Lund et al. 2003) . All science windows with a pointing position within 2.4
• of the position of PSR J1846−0258 were used to generate a mosaic in the 3-26 keV band. The flux can be estimated as ∼ 2.6×10 −11 erg cm −2 s −1 , corresponding to a luminosity of ∼ 1.1 × 10 36 erg s −1 (at 19 kpc) but insufficient statistics to allow the generation of a spectrum are available.
The timing properties of the γ-ray source were not investigated due to the short period and low detection significance in both instruments.
Chandra Observations
In 2000 October Helfand et al. (2003) performed imaging spectroscopy of the region around PSR J1846−0258 with the ACIS camera aboard Chandra. The 1.0-7.0 keV image from their work shows the SNR of Kes 75 with a bright centrally located point source identified with the pulsar and diffuse emission from the PWN (the pulsar and PWN are shown on the inset of Fig. 1 ). Clear structure is visible in the PWN with the emission arising predominantly around an axis through the pulsar, at an inclination 30
• east of north. There are two bright spots along this axis: one on either side of the pulsar. Helfand et al. (2003) were able to extract spectra for all three components. They used a thermal bremsstrahlung model with kT = 2.9 ± 0.1 keV to fit the SNR, an absorbed power law with slope Γ = 1.39 ± 0.04 to fit the pulsar and an absorbed power law model with a slope of Γ = 1.92 ± 0.04 for the PWN. The authors also investigated the spectral shape over different morphological regions of the PWN and found the power law slopes of all regions to agree with the value quoted above to within 2σ.
Due to the fact that IBIS/ISGRI does not resolve the supernova, pulsar and PWN as separate components, we employed Chandra spectral information to assist in clarifying the source of emission of the high energy photons. We reprocessed the archival Chandra data (Helfand et al. 2003) with CIAO 3.4, correcting the level 1 event data for charge transfer inefficiency and filtering for good event grades and good time intervals by excluding bright background flares. The resulting exposure was 35 ks. We extracted spectra from 4 spatial regions, using the CIAO scripts specextract for extended sources and psextract for point sources.
Fitting these various Chandra components alongside the IBIS/ISGRI data for PSR J1846−0258, we can evaluate the contribution of these components to the flux and the spectral slope in the soft γ-ray energy range. For Chandra data we fit in the 1-7 keV range where the statistics are most reliable, and extrapolate the fluxes to the 0.5-10 keV range so that they can be easily compared with other sources in the literature. We can summarise as follows:
(i) The entire SNR (a circle of radius 100 ′′ centred on, but excluding, the pulsar and the PWN): The flux from the SNR dominates the emission of the system between 0.5-3 keV, but being of thermal origin with a temperature ∼ 3 keV, quickly becomes too weak relative to the other components of the system to contribute significantly to the high energy emission detected by IBIS/ISGRI. 1.84 ± 0.02 and N H = (3.9 ± 0.1) × 10 22 cm −2 with χ 2 ν (dof) = 0.9(369).
(iii) The pulsar: Fixing the absorption at the value derived from our fit to the Chandra data from the PWN (N H = (3.9 ± 0.1) × 10 22 cm −2 ), we find that the combined Chandra and IBIS/ISGRI spectrum can be fit with a power law of slope Γ = 1.63
+0.08
−0.17 where χ 2 ν (dof) = 1.2(161). Although this fit is adequate, as constrained by the statistics in the Chandra region, the residuals in the IBIS/ISGRI energy range indicate that a steeper slope would better describe the high energy data.
(iv) Pulsar + PWN: As above, the absorption was fixed to N H = (3.9 ± 0.1) × 10 22 cm −2 , and the combined Chandra and IBIS/ISGRI spectra could be fit with a power law of slope Γ = 1.82 ± 0.03 where χ 2 ν (dof) = 0.97(380). This spectrum is plotted in Fig. 2 and the spectral parameters given in Table 1 .
The model which excludes the PWN emission (iii) fails to provide a good fit to the IBIS/ISGRI data. Conversely, as can be seen by comparing points (ii) and (iv) above, including the pulsar contribution has very little effect on the spectral slope. As we have no data which can distinguish between the pulsar and PWN components above 10 keV we cannot rule out spectral breaks in either of the spectra above this energy. Although it is possible that both the pulsar and PWN spectra could suffer breaks such that their combined spectrum gives rise to the spectrum we detect in the IBIS/ISGRI energy range, the simplest scenario is that the PWN, which dominates the flux at 10 keV, still dominates at 20 keV. Despite the extrapolated pulsar spectrum becoming dominant beyond 50 keV, the measured IBIS/ISGRI spectral slope is then that of the PWN, as the spectral slope is determined in the 20-60 keV region where the statistics are best. This is supported by the fact that the slope of the PWN, as measured from Chandra data, is consistent with that of the composite IBIS/ISGRI spectrum. Figure 3 illustrates this with models of the Chandra and IBIS/ISGRI spectra. In fact, PSR J1119−6127 shows a remarkable resemblance to PSR J1846−0258 as far as spin characteristics and the properties inferred from them are concerned. PSR J1119−6127 has P = 408 ms andṖ = 4.1 × 10 −12 s s −1 , giving a spin-down luminosity, characteristic age and inferred surface dipole magnetic field very close to those of PSR J1846−0258 (Camilo et al. 2000) . This, however, is where the similarity ends. Across the electromagnetic spectrum, these pulsars have very different attributes. In the soft γ-ray band covered by IBIS/ISGRI, PSR J1846−0258 is clearly detected in the 20-100 keV band (see Table 1 ), while with similar exposure we can place a 2σ upper limit of 3.3 × 10 33 erg s −1 on any emission from the location of PSR J1119−6127 (using a distance of 8.4 kpc, Caswell et al. 2004) in the same energy band. Also in the X-ray band (0.5-10 keV), these two pulsars show contrasting spectral behaviour. While PSR J1846−0258 shows absorbed power law spectra from both the pulsar and PWN (Helfand et al. 2003) , PSR J1119−6127 shows a strong thermal spectrum superimposed on a hard power law (Gonzalez et al. 2005) . Although Gonzalez et al. (2005) attribute the hard power law component to the PWN, the thermal X-rays from the pulsar are difficult to interpret through conventional emission models, e.g. models for initial cooling of the entire neutron star result in a radius smaller than allowed by neutron star equations of state, while hot spot models result in unusually high temperature estimates. It may be the case that, while these two pulsars show similar current spin characteristics, their evolutionary paths and physical properties may be very different, as reflected in the significantly different emission properties.
Discussion
The most unusual feature of PSR J1846−0258 is its efficiency in converting spin-down power,Ė, into X-and γ-ray luminosity L X and L γ . Using data from 41 pulsars, Possenti et al. (2002) determined a general relation between the 2-10 keV X-ray luminosity of the combined pulsar and PWN, and the spin-down power. According to this relation, and the value ofĖ determined from the spin characteristics, L 2−10 keV /Ė should be ∼ 0.2% for PSR J1846−0258. The measured efficiency, at L 2−10 keV /Ė ∼ 12%, when combined with the 20-100 keV measured in this work indicates L 2−10,20−100 keV /Ė ∼ 27%. It is expected that the total efficiency in converting spin-down power into luminosity is actually much larger than this, as the luminosity contribution between 10-20 keV is not included and the soft γ-ray flux extends beyond 100 keV (see Fig. 2 ). The observation that the 2-10 keV spin-down conversion efficiency is so much larger than average, and the fact that this efficiency becomes even larger upon inclusion of the 20-100 keV luminosity, may be a reason to call the distance estimate into question.
To this effect, we can compare the efficiency of PSR J1846−0258 with two similar young pulsars in the Large Magellanic Cloud, for which the distance is well known at ∼ 50 kpc. Including luminosity contributions from both the pulsar and PWN PSR J0537−6910 has L 0.5−10 keV /Ė = 0.9% (Chen et al. 2006) and PSR B0540−69 has L 0.5−10 keV /Ė = 9.1% (Kaaret et al. 2001) . Even though the estimate for PSR B0540−69 is much larger than the X-ray efficiency of most pulsars, it is still only around half that of PSR J1846−0258 (L 0.5−10 keV /Ė = 20%). Becker & Helfand (1984) determined a distance of 19 kpc through neutral hydrogen measurements. This distance, which agrees with the estimate of Milne (1979) based on the surface brightness -diameter relation for supernovae and the neutral hydrogen measurements of Caswell et al. (1975) , does imply a very high mean expansion velocity for the supernova remnant (Helfand et al. 2003) . On the other hand, if the distance were overestimated, this would lead to inconsistency between the neutral hydrogen column as measured by Becker & Helfand (1984) and that deduced from fits to Xray data of the PWN (Helfand et al. 2003 ) -such inconsistency is not observed. Morton et al. (2007) also discuss the possibility of an incorrect distance estimate, but dismiss this option as it would double the already high inferred density of postshock gas in the SNR. We can estimate a lower limit on the distance of the system by employing the half width at half maximum of the Si line as measured by Helfand et al. (2003) . Assuming that the SNR has been expanding at this measured rate (1850 km s −1 ) for its entire lifetime (an upper limit of 884 years, Livingstone et al. 2006) , we can estimate the distance from the angular size of the SNR on the sky to be ∼ 3 kpc. The real distance is certainly larger than this lower limit due to the fact that the SNR expansion velocity at earlier times was most likely larger than our current estimate. Using this lower limit on the distance would provide L 0.5−10 keV /Ė ∼ 0.5% -more in line with the efficiencies of other rotation-powered pulsar systems. This makes the prospect of a distance smaller than 19 kpc to PSR J1846−0258 appealing, but difficult to substantiate in terms of the existing estimates (Caswell et al. 1975; Milne 1979; Becker & Helfand 1984) .
Of the rotation-powered pulsars that exhibit X-ray emission, only very few have been detected above 10 keV. Although a consistent treatment exploring the general properties of PWN in the 20-100 keV range will be presented as a future publication, we can see from the existing literature that the INTEGRAL spectrum of PSR J1617−5055, a young rotation powered pulsar, shows a power law slope of ∼ 2 (Landi et al. 2007) , while a combined IBIS/ISGRI and BeppoSAX spectrum of the PWN in PSR B1509−58 (Forot et al. 2006 ) can be fit with a power law of photon index ∼ 2.1 -both close to the spectral shape of PSR J1846−0258. In addition, the EGRET instrument aboard the Compton Gamma-Ray Observatory detected emission from ∼ 7 rotation-powered pulsars and/or their PWN in the 30 MeV-20 GeV energy range (Roberts 2005) . These pulsars have photon indices harder than 2.2, also consistent with the soft γ-ray spectral slope of PSR J1846−0258 in this work and with those INTEGRAL observations quoted above. However, smooth spectral coverage above 100 keV and into the GeV energy range is required to ascertain the presence or absence of spectral turnovers predicted by models of PWN emission mechanisms (Zhang & Harding 2000; Cheng et al. 1986 ).
Summary
With an angular resolution of 12 ′ , the IBIS/ISGRI image does not resolve the components of the supernova, pulsar and PWN in the PSR J1846−0258 system. We have thus used the spectral properties of the X-rays and soft γ-rays to find that, assuming there are no spectral breaks above 10 keV in the spectra of either the pulsar or PWN, the spectral shape of the measured soft γ-ray spectrum is influenced predominantly by the PWN. The SNR remnant, which has a bremsstrahlung spectrum, may contribute somewhat in the low end of the 20-200 keV range, but is not the dominant source of the high energy emission.
We have discussed the properties of PSR J1846−0258 in the context of other high B-field rotation-powered pulsars, and in particular, PSR J1119−6127, which has very similar spin characteristics.
On the basis of the high observed X-ray luminosity to spin-down power ratio, we explore the possibility of an overestimate in the distance to PSR J1846−0258. Although a smaller distance could bring this ratio in line with those observed in other rotation-powered pulsars, it results in incongruities in both measurements of the line of sight hydrogen density and in estimates of the postshock density of the SNR.
The increasing availability of soft γ-ray data from INTEGRAL allows us to characterise the emission from rotation-powered pulsars in a previously poorly explored energy range. Widening the spectral coverage for these systems will help to provide a means to understanding the processes and emission mechanisms involved.
